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e Maser Basics

e Recent Results

e Future Directions

UV lasers from APOD
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Maser Transitions. OH, H,O & SO
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Where are the Circumstellar Masers L ocated?

T ~50K, Ny, ~ 10% cm3 Si0 maser shell
To OH masers T~ 1300K, nH _ 1010 Cm_3

r> 1000 AU
\ Stellar disk

— Miras, Semi-regular
Variables, Supergiants,
OH/IR Stars, Proto-
planetary Nebulae (PPN).

\ :
water masers _/ ‘. Circumstellar Dust Shell

50 AU < r < 500 AU r< 50 AU

T ~400K, n,, ~10°cm?3
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Why Study Circumstellar Masers?

« | earn something about the host objects (AGB stars).
— Structure of the CSE at various distances.
— Kinematics of the CSE.
— Polarization and magnetic fields.
» Learn something about the masers themselves.
— Correlate observations with maser theory & simulations.
— Pumping mechanisms.
— Maser polarization.
e Usethe masersfor astrometry.
— Parallaxesyield distances.
— Proper motions yield motions in region.
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Circumstellar Envelope Structures

8/18/04

OH maser shell
35"x 23"

Water maser shell
330 x 220 mas

Dust shell
70 mas

Bipolar outflows.

N On-radl al gel I ar SiO maser shell
pUISatlonS 58 x 32 mas

Binarity.
Schematic of IK Tau
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Composite of NML Cyg

Silicon Monoxide Masers

Diamond, e
Richards, ' 0 ' :
Boboltz &
W ERYE
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Not All SO Rings Are Created Equal

TX Cam: circular ring IK Tau: elliptical distribution
Diamond & Kemball, 1997 Boboltz & Diamond, 2000
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Kinematics of the CSE

— NML Cyg H,O masers
Richards, Y ates & Cohen, 1996
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Relathe
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WA43A OH/H,O Masers

Proper motion OH maser
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e |mal talk this session.
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Rotation in the SI\O Maser Region?

VX Sgr (Doeleman et al., 1998) > L 4 - ._- .-;1,-:, )

LSR Velocity (km s™!
NML Cyg (Boboltz & Marvd,
2000) ' VLA 3/2002

R Aqgr (Holliset al., 2000; 2001)

|IK Tau (Boboltz & Diamond,
2000; 2003)

OH 231.8+4.2 (Sanchez
Contreras et a., 2002)
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R Agr: More Rotation

Holliset a., 2001, ApJ
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OH 231.8+4.2: Rotation + Infall

Sanchez Contreras et al., 2002, A& A

ROTATION + INFALL

) — - . -1 B o -1 . . - -1
i=38" vrot=7.5kms  vinf=0kms Tot=08.0kms ~ vinf=0kms
L/ i S e U i i ¥ T i =

=
LT
w
3
[
o
o~ Iﬁ.
&
[
]
<

A AR (millis

8/18/04 Future Directions in High-Resolution Astronomy




Circumstellar Maser Polarization

« OH
— Open shell molecule, paramagnetic.
— To get Zeeman splitting— B ~ 107 G.
— Resolve Zeeman pattern (gwg > Avp) B ~103G (reatively easy).
— Expect both circular & linear polarization.

. H,0and SIO

— Closed shell, non-paramagnetic.

— To get Zeeman splitting — B ~ 10>, 104 G respectively.

— Resolve Zeeman pattern—B ~ 10 G (relatively difficult).
— Expect linear polarization, not much circular polarization.

e Maser polarization observations
— Very calibration intensive.
— Provide feedback to maser polarization theories.
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SIO Maser Polarization

L inear po|arization TX Cam linear pol. Gonidakis
— 20-30% on average
— Components as high as 80-90%

— Linear pol. vectors tangent or
perpendicular to maser shell.

Circular polarization

— Lessthan 10%

Magnetic field strength
depends on polarization
Interpretation

— Zeeman —tensof G

— Non-Zeeman —tens of mG

Kemball, Diamond &
Gonidakis talk this session.
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H,O Maser Polarization
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MilliARC SEC

Center al RA 02 22 51 72463 DEC 58 35 11.3904

Peak flux = 8.0314E+01 JY/BEAN

Levs = 8.031E+00 * (0.250, 0500, 1, 3, 6,9)

e Vlemmingstalk this session.
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SIO Maser Pumping Mechanisms

I.e. Gray & Humphreys, 2000;
Humphreys et al. 2002

v=1, J=1-0 SiO Energy Levels
v=2, F=1-0
v=l, J=2-1
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In Favor of Radiative Pumping

| ]
IRC+10011

J=1-0, v=1
J=1-0, v=2

amon ADEHCCHE
amen  AMTHECHE

Desmurs et al., 2000 Desmurs et al., 2000 |

1 1a
MILLIARC SEC MILLIARC SEC
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Collisional or Combination Pumping?

yshift=2 zshift=0
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Future Directions

« 3 Millimeter wavelengths and beyond.

— Relevant with new mm/sub-mm arrays in the works.
— SIO: 86 GHz — 336 GHz.
— H,0O masers: 96 GHz, 183 GHz, 321 GHz, 325 GHz.

o Stellar astrometry using masers.

— Relevant considering astrometric satellite missions are in vogue (i.e.
SIM and GAIA).

e Multi-wavelength studies of AGB gtars.
— Relevant with new optical/IR interferometers coming online.

— Combine Long Basdline Interferometry (LBI) with VLBI to get a
better picture of the star and its CSE.
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3mm SIO VLBI Becoming Routine

R Cas 3mm (black) 7mm (red)
Phillips et a., 2003

ir)
=
-
&
:
[
E

— 7 VLBA antennas equipped
with 3-mm recelvers.

Relative Deg,

— l.e. Soria-Ruiz et al. talk this _ -
Session. 0 0 0 -0 =0

Helative HA, milllarcseconds

8/18/04 Future Directions in High-Resolution Astronomy




2mm VLBI of SIO Toward VY CMa

Doeleman et al., 2002
e Observedv=1, J=3-2
(129 GH2z) transition.
e Single baseline HHT to
Kitt Peak.

e Alsoplanned J=4-3 (172

GH2), J=5-4 (215 GH2).

Ground State AIPS User 7 VYCMA V=1 J=3-2

SiO Energy Levels
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Stellar Astrometry

e Masers can be used to determine stellar parameters
(parallax, m and proper motion, u) of AGB stars.
— Galactic center — 8 kpc = 0.250 mas
— Distancesto LMC & SMC — 50 kpc = 0.04 mas.
— Align radio reference frame to optical/infrared frames.

e \Which masersto use?
OH: ~20 masresolution, radial amplification
H,O: ~0.05 mas resolution, radial amplification, variable
SiO: ~0.01 mas resolution, tangential amplification, variable
All require phase-referencing to nearby quasar.
 VERA (VLBI Exploration or Radio Astrometry)
— Dedicated dual-beam, phase-referencing, VLBI array.

— H,0 and SIO maser astrometry.
— Kobayashi talk this meeting.
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OH/H,O Maser Astrometry

€cC.

van Langevelde et a., 2000. [k 3.85+ 1.14 mas, Py, =-15.57+0.56, p,.=—9.66+ 0.61 maslyr

W Hya, R Cas, S CrB.

Errors comparable to
Hipparcos.

van Langevelde,
Vlemmings & Diamond
poster this meeting.

RA [mas]

With MERLIN. |

Vlemmings, van 2.4495 10° 245 10° 24505 10° 2.451 10° 2.4515 10°
Langevelde & Diamond, MID [days]
2002, 2003.
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SIO Maser Astrometry Near Sgr A*

Reid et al., 2003, ApJ
Used Sgr A* as aphase
reference.
— Strong interstellar R
scattering. Y
— Limited to baselines
<1500 km.
At 8 kpc, the SIO rings
are < 1-2 mas.
For 7 stars
— positions ~1 mas
— proper motions ~1 mas/yr.
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Multi-Wavelength Studies of AGB Stars

Radio Optical Dust formation,
Photosphere  Photosphere inner citcumstellar dust shell

H.0 OH
Qutflow ! / ' Mlaser Mlaser
(20— 50K, ) {200 - 500K,

Optical/near—infrared imerferometry: Radio interferomerry Mid-infrared interferomerry

Cotton et al.; Wittkowski & Boboltz talksthis session.
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UD diameter (mas)

VLBA/VLTI Observations of S Ori
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So many stars so little
time.

Maser observations are
reduction intensive.
— Worth the effort.
— Reduction pipelines can
help.
| nteraction with other
communities a good fit.
— LBI, astrometric
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ERAN .-
’ “ %‘\ S\ 2 — Attract new usersto
. VLBI.
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|K Tau:; Rotation
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Dec. Offset (mas)

302010 0-102030
R.A. Offset (mas)

&t
> g,

302010 0-10-2030
X (mas)

8/18/04

Dec. Offset (mas)

|IK Tau: Disk or Shdll
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Dec. Offset (mas)
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VLA vs. VLBA: SOiri
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VLA vsVLBA: NML Cyg
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